Fridlyand LE, Harbeck MC, Roe MW, Philipson LH. Regulation of cAMP dynamics by Ca 2ϩ and G protein-coupled receptors in the pancreatic ␤-cell: a computational approach. Am J Physiol Cell Physiol 293: C1924-C1933, 2007. First published October 10, 2007; doi:10.1152/ajpcell.00555.2006.-In this report we describe a mathematical model for the regulation of cAMP dynamics in pancreatic ␤-cells. Incretin hormones such as glucagon-like peptide 1 (GLP-1) increase cAMP and augment insulin secretion in pancreatic ␤-cells. Imaging experiments performed in MIN6 insulinoma cells expressing a genetically encoded cAMP biosensor and loaded with fura-2, a calcium indicator, showed that cAMP oscillations are differentially regulated by periodic changes in membrane potential and GLP-1. We modeled the interplay of intracellular calcium (Ca 2ϩ ) and its interaction with calmodulin, G protein-coupled receptor activation, adenylyl cyclases (AC), and phosphodiesterases (PDE ] i ). Glucose-induced insulin secretion is regulated by signals produced by glucose metabolism that initially affect plasma membrane potential and [Ca 2ϩ ] i . Adenosine 3Ј,5Ј-cyclic monophosphate (cAMP) signaling pathways are also important in regulating ␤-cell secretion (6, 17, 22) . The cAMP signaling pathway involves both secretory regulatory cascades and gene expression.
Imaging experiments performed in MIN6 insulinoma cells expressing a genetically encoded cAMP biosensor and loaded with fura-2, a calcium indicator, showed that cAMP oscillations are differentially regulated by periodic changes in membrane potential and GLP-1. We modeled the interplay of intracellular calcium (Ca 2ϩ ) and its interaction with calmodulin, G protein-coupled receptor activation, adenylyl cyclases (AC), and phosphodiesterases (PDE). Simulations with the model demonstrate that cAMP oscillations are coupled to cytoplasmic Ca 2ϩ oscillations in the ␤-cell. Slow Ca 2ϩ oscillations (Ͻ1 min
Ϫ1
) produce lowfrequency cAMP oscillations, and faster Ca 2ϩ oscillations (Ͼ3-4 min Ϫ1 ) entrain high-frequency, low-amplitude cAMP oscillations. The model predicts that GLP-1 receptor agonists induce cAMP oscillations in phase with cytoplasmic Ca 2ϩ oscillations. In contrast, observed antiphasic Ca 2ϩ and cAMP oscillations can be simulated following combined glucose and tetraethylammonium-induced changes in membrane potential. The model provides additional evidence for a pivotal role for Ca 2ϩ -dependent AC and PDE activation in coupling of Ca 2ϩ and cAMP signals. Our results reveal important differences in the effects of glucose/ TEA and GLP-1 on cAMP dynamics in MIN6 ␤-cells. adenylyl cyclase; calcium ion; glucagon-like peptide 1; modeling; oscillations PANCREATIC ␤-CELLS SECRETE insulin following an increase in blood glucose concentration. Under physiological conditions, secretion of insulin is tightly regulated and depends on increases, often oscillatory, in cytoplasmic Ca 2ϩ concentration ([Ca 2ϩ ] i ). Glucose-induced insulin secretion is regulated by signals produced by glucose metabolism that initially affect plasma membrane potential and [Ca 2ϩ ] i . Adenosine 3Ј,5Ј-cyclic monophosphate (cAMP) signaling pathways are also important in regulating ␤-cell secretion (6, 17, 22) . The cAMP signaling pathway involves both secretory regulatory cascades and gene expression.
The hallmark of secretion-stimulating hormones known as incretins, in particular glucagon-like peptide 1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP), is the activation of cAMP cascades in the ␤-cell following activation of adenylyl cyclases (AC) (13, 21, 37) . Inhibition of cAMP cascades can also occur via receptors coupled to inhibitory G proteins. For example, the ␣-adrenergic agonists somatostatin and galanin decrease cAMP levels in part by inhibiting AC (37) (Fig. 1 ). cAMP activates protein kinase A, a multifunctional regulatory enzyme (37) , while other pathways involve initial binding to the guanyl exchange proteins EPAC1 and EPAC2 (exchange proteins activated by cAMP) (22) .
In pancreatic ␤-cells, increased cAMP leads to increased activity of voltage-dependent calcium channels (VDCC) (26, 37) , decreased ATP-sensitive potassium (K ATP ) channel conductance (17, 24) , and increased activity of inositol 1,4,5-trisphosphate (IP 3 ) receptors in the endoplasmic reticulum contributing to calcium-induced Ca 2ϩ release (7, 23, 25, 35) , among other effects. Changes in Ca 2ϩ influx when cAMP levels are elevated can also modulate cAMP dynamics. These findings and other recent studies suggest that Ca 2ϩ and cAMP are dynamically regulated to form a network that produces diverse temporal signaling patterns in ␤-cells (8, 28) . The temporal and causal interplay between Ca 2ϩ and cAMP may reflect a higher order organization of second messenger signaling cascades that determine specificity of cellular responses to extracellular stimuli (28) .
We sought to better understand the temporal and causal relationships between Ca 2ϩ and cAMP by incorporating cAMP dynamics into our developing computational model of ]i were performed as previously described (28) . Briefly, MIN6 cells transiently transfected with Epac1-camps, a unimolecular fluorescence resonance energy transfer (FRET)-based indicator of cAMP (32) , were loaded with 1 M fura-2 acetoxymethyl ester (Molecular Probes) for 15-20 min at 37°C in Krebs-Ringer bicarbonate solution containing 119 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl 2, 1 mM MgCl 2, 1 mM KH2PO4, 25 mM NaHCO3, 10 mM HEPESNaOH (pH 7.40), and 12 mM glucose. Cells were imaged using an inverted fluorescence microscope (Nikon TE-2000U) equipped with a 16-bit Cascade 650 digital camera (Roper Instruments). Excitation wavelength for Epac1-camps was 440 nm. Dual-wavelength emission ratio imaging at 485 nm (FRET donor, enhanced cyan fluorescent protein) and 535 nm (FRET acceptor, enhanced yellow fluorescent protein) was accomplished using a computer-controlled high-speed filter wheel (Lambda 10-2 optical filter changer; Sutter Instrument, Novato, CA). Images were captured at 10-s intervals; 340-and 380-nm excitation filters and a 520-nm emission filter were used for fura-2 dual-wavelength excitation ratio imaging. A 455-nm dichroic filter (Chroma Technology, Brattelboro, VT) was used for Epac1-camps and fura-2. Image acquisition and data analysis were accomplished using MetaMorph/MetaFluor software (Universal Imaging). Data are expressed as the ratio of FRET donor and acceptor emission (R 485/535) and the fura-2 340-and 380-nm excitation (R340/380) and normalized to the average baseline values of R485/535 and R340/380 as described previously (20, 25) .
Modeling Procedures
We modeled [Ca 2ϩ ]i and [cAMP]i dynamics by employing defined parameters regulating Ca 2ϩ transport and redistribution processes as well as cAMP production and degradation in a single ␤-cell. The reaction network of the model consists of two parts: 1) channels, pumps, and exchangers that describe plasma membrane ion fluxes and 2) a fluid compartment model that describes processes associated with the regulation of Ca 2ϩ , Na ϩ , ATP, ADP, IP3, Ca 2ϩ /CaM, and cAMP in cytoplasm and Ca 2ϩ in the endoplasmic reticulum (ER) (Fig. 1) . The model accounts for Ca 2ϩ transport processes known to be present in ␤-cells: Ca 2ϩ release from and uptake into the ER, and Ca 2ϩ extrusion and entry across the plasma membrane. The main features of the model other than those reflecting cAMP regulation have been described previously (11, 12) . This model does not take into account possible subcellular compartmentalization of cAMP, AC, or PDE, which is an important regulatory mechanism in larger cell types such as cardiomyocytes (4) or in human astrocytoma cells (15) . The importance of cAMP compartmentalization in pancreatic ␤-cells is unclear. This model does not attempt to include all the possible factors involved in the effects of cAMP, but to illustrate the utility of our model, we have simulated the effects of the cAMP pathway on specific ion channels. This model is available for direct simulation on the website "Virtual Cell" (www.nrcam.uchc.edu) in the "MathModel Database" on the "math workspace" in the library "Fridlyand" with the name "cAMP".
Multiple The dynamic intracellular concentrations of cAMP are determined by the rates of cAMP synthesis and degradation and can be mathematically expressed as shown in Eq. 1:
where VAC is AC activity, VPDE is PDE activity, and kd is a coefficient of PDE-independent cAMP destruction, which we fit as kd ϭ 0.01 s
Ϫ1
. Rodent ␤-cells and insulinoma cell lines express several AC isoforms, including the Ca 2ϩ /CaM-activated isoforms AC1, AC3, and AC8 (6, 18, 28, 29) . Ca 2ϩ -dependent regulation of AC has not been specifically examined in the ␤-cell. To overcome this problem, we incorporated elements of a model describing Ca 2ϩ -dependent regulation of AC in Aplysia neuron R15 (42) Yu et al. (42) . This mechanism was simulated by the product of two first-order Michaelis-Menten-type kinetic equations, one fitting the stimulatory half of the bimodal curve and the other fitting the inhibitory half of the bimodal curve (42) . AC activity is also dependent on the concentration of ATP ([ATP]). However, based on our previous analysis, we have assumed that [ATP] is close to constant (in the range of 3-6 mM) in the ␤-cell (11). Since [ATP] is much greater than the K m for ACs, the equation for AC activity does not include the term [ATP] . In this case, the equation for AC can be combined with that of Ca 2ϩ /CaM-independent AC isoform and can be written as
where VACG is the activity of Ca 2ϩ /CaM-independent AC, VmCAM is the basal level of Ca 2ϩ /CaM-dependent AC activity, KN,Ca is the half-maximal value of [Ca 2ϩ ]i for the inhibition of AC by free Ca 2ϩ (75 M; derived from Ref. 42) , and KP,CaM is the half-maximal value of ([Ca3CaM] ϩ [Ca4CaM]) for the stimulation of AC by Ca 2ϩ /CaM. We have focused on properties of the Ca 2ϩ /CaM-dependent isoform AC8, since that seems to be predominant in ␤-cells (6) . This isoform has very low activity in the absence of free Ca 2ϩ . The half-maximal activating concentration for free Ca 2ϩ is 0.5 M (when CaM is added) (9), corresponding to KP,CaM ϭ 0.348 M.
cAMP undergoes hydrolysis to the biologically inactive 5Ј-AMP by PDEs. PDE isoforms are characterized by differences in their substrate specificity (e.g., cAMP vs. cGMP), kinetics, allosteric regulation, and tissue distribution (13, 15) . Both islets and ␤-cell lines contain PDE1, the Ca 2ϩ /CaM-activated PDE (13) . A member of the Ca 2ϩ -activated PDE1 family, PDE1C, was found to be expressed in MIN6 cells along with several other PDE isoforms (28) . A first-order kinetics equation was used to describe the relationship between Ca 2ϩ -activated PDE and Ca 2ϩ /CaM (27, 42) . The general kinetics equation from Ref. 42 , with an additional term for the Ca 2ϩ /CaMindependent PDE form, can be written as
where V GPDE represents the activity of Ca 2ϩ /CaM-independent PDE, VCAPDE is the basal level of Ca 2ϩ /CaM-dependent PDE activity, ␤PDE Simulations were performed using the software environment as described previously (11, 12) .
RESULTS

Effect of Glucose and GLP-1 on cAMP Formation
We used Epac1-camps to determine the effect of secretagogues on [ (8, 28, 40) . We have modeled this delay by setting the maximal activities of AC and PDE isoforms at levels that replicate experimental slow [cAMP] i dynamics.
It was pointed out in the Introduction that activation of the cAMP signaling system can result in changes of the conductances of different ion channels. Although the ways in which cAMP quantitatively acts on these channels are not well understood, we were able to simulate several effects of the cAMP signaling system on ion channels by altering specific channel conductances in our previously published general model of the ␤-cell (11, 12 (Fig. 5, A and B) /CaM-dependent AC (Fig. 5, A and C) . If Ca 2ϩ /CaM-dependent AC drives coupling between Ca 2ϩ and cAMP in the absence of Ca 2ϩ / CaM-dependent PDE, the calculated levels of cAMP are in phase with slow Ca 2ϩ oscillations (Fig. 5, A and D /CaM-dependent PDE is the predominant factor in these conditions (Fig. 6A) . Increased Ca 2ϩ /CaMdependent AC activity leads to altered dynamics when the calculated level of cAMP is in phase with slow Ca 2ϩ oscillations, because Ca 2ϩ /CaM-dependent AC activity then dominates the regulation of cAMP synthesis (Fig. 6B) .
We simulated the effects of low (Fig. 7) and high ( Fig. 8 Fig. 6A . Application of a VDCC channel inhibitor was simulated by decreased VDCC conductance. A: at arrow 1, the maximum conductance for VDCCs was decreased from 670 to 100 pS, and at arrow 2 it was restored. B: at arrow 3, the administration of a nonspecific PDE inhibitor was simulated by decreasing maximal activity of both phosphodiesterase forms 4-fold (VGPDE and VCAPDE were decreased from 0.00024 to 0.00006 mol/ms). /CaM-dependent AC activity (VmCaM) was increased 5-fold for comparison with the simulation in Fig. 7 . Application of a VDCC inhibitor (at arrow 1; A) and a nonspecific PDE inhibitor (at arrow 3; B) was simulated as described in Fig. 7. was diminished only by up to 10% at high-frequency [Ca 2ϩ ] i oscillations (i.e., several per minute), similar to those in Fig. 9 , right. Other simulations with slow [Ca 2ϩ ] i oscillations were virtually unchanged (not shown), and we suggest that our simplification can be correctly used in the simulations of steady-state and slow [cAMP] i dynamics.
DISCUSSION
We present an integrated model of ␤-cell cAMP dynamics with testable predictions and representative data. The model couples [Ca 2ϩ ] i regulation of specific Ca 2ϩ -sensitive ACs and PDEs that give rise to synchronous or asynchronous oscillations or to monophasic changes in [cAMP] . Our previous model served as the basis for simulation of Ca 2ϩ dynamics. However, any model of independent fast and slow Ca 2ϩ oscillations (see, for example, Refs. 1, 3), when coupled with Eqs. 1-3 and A1-A5, will lead to similar alterations in cAMP dynamics. Therefore, our ability to model cAMP dynamics is not a specific feature of the particular model of Ca 2ϩ dynamics.
The results from our model are a general characteristic of cAMP dynamics when [Ca 2ϩ ] i levels are a driving force for changes in [cAMP] i .
Glucose/TEA-Induced cAMP Regulation
Using our model, we have evaluated several experimental results related to ␤-cell cAMP measurements. In one example, the combination of glucose stimulation plus TEA, an inhibitor of K ϩ channels, induced depolarization-dependent [Ca 2ϩ ] i and [cAMP] i oscillations in insulin-secreting ␤-cell lines (Fig. 2  and Ref. 28) . The mean frequency of the coupled Ca 2ϩ and [cAMP] i oscillations was ϳ120 s (Fig. 2 and Fig. 5A These results were closely simulated in our model, assuming a relatively low activity of Ca 2ϩ /CaM-dependent AC (Fig. 7) . Our analysis shows that [cAMP] i dynamics in these experiments are due to low Ca 2ϩ /CaM-dependent AC activity under these experimental conditions and that mainly Ca 2ϩ -dependent PDE isoforms determine [cAMP] i dynamics. Therefore, this analysis supports the proposal by Landa et al. (28) that the dynamic effects of glucose on [cAMP] regulation are consistent with activation of a Ca 2ϩ -dependent PDE isoform. However, our simulation of glucose effects does not include the early transition data upon initial addition of glucose. Glucose stimulation alone has been reported to lead to either unchanged (8) or increased (6, 28, 39) (Fig. 10, A and B) , but this result does not affect the dynamic part of the model. To explain the apparent contradiction, we note that there are several potential mechanisms for activation of specific AC isoforms following glucose stimulation that are not included in our model, including /CaM-dependent AC activity was increased from 0.00005 to 0.0003 mol/ms (up to the same level as in Fig. 6B ), and at arrow 2 it was restored. B: simulation at high glucose level (10 mM (Fig. 7) , and the corresponding time was 35 s.
A similar result was obtained by modeling inhibition of AC. The GLP-1-induced [cAMP] i elevation was rapidly reversed following inhibition of AC by norepinephrine with a halfmaximal suppression time of ϳ12 s (8). We simulated this decrease in [cAMP] i by reducing AC activity (Fig. 10B) and found that the corresponding half-time for decreased [cAMP] i was 10 s, again in close agreement with Dyachok et al. (8) .
The effect of fast Ca 2ϩ oscillations (3-4 oscillations per minute) in ␤-cells on cAMP dynamics is unknown. Our simulations ( Fig. 9) as well as measurements of cAMP in human embryonic kidney cells (40) . These results are similar to those obtained in our simulations with increased Ca 2ϩ /CaM-dependent AC activity (Fig. 8) . This means that, according to our model, the action of GLP-1 can be explained in part by an increase in the specific Ca 2ϩ /CaM-dependent AC activity. Increasing the glucose concentration from 3 to 20 mM markedly enhanced the response to GLP-1 but had a negligible effect on [cAMP] i (8) , consistent with synergy between glucose and GLP-1 on cAMP production (6). This effect seems to be due to a small increase in [cAMP] i following GLP-1 stimulation at low glucose levels, simulated in Fig. 10A . This is consistent with low activity of Ca 2ϩ /CaM-dependent AC when [Ca 2ϩ ] i is low (see RESULTS). Thus our model was able to simulate the empirical observations on the modest effect of GLP-1 under low-glucose conditions by the simple suggestion that GLP-1 specifically increased Ca 2ϩ /CaM-dependent AC activity, rather than Ca 2ϩ -independent AC isoforms. This mechanism describing the initial GLP-1 effect was proposed by Delmeire et al. (6) , who found abundant expression of the Ca 2ϩ /CaM-dependent type AC8 isoform in ␤-cells. Our analysis of the dynamic properties of cAMP regulation supports a pivotal role of Ca 2ϩ -dependent AC activation in the action of GLP-1 receptor agonists.
GLP-1 Receptor Agonists and Specific Targets in Insulin Secretion
One noted advantage of GLP-1 agonists in the treatment of diabetes is that they increase insulin secretion only at stimulatory glucose concentrations, contributing to a low risk of hypoglycemia (22) . This can be explained by the amplifying effect of increased glucose level on glucagon (or GLP-1)-induced cAMP production (6, 8) . According to our simulation (Fig. 10) Indeed, GLP-1 and tolbutamide applied simultaneously in 3 mM glucose increased insulin secretion significantly in the in situ perfused rat pancreas so that the effect of GLP-1 was uncoupled from its usual glucose dependence (5). Since the incidence of hypoglycemia increases if GLP-1 (or its analogs) are used together with sulfonylureas, the clinical combination of K ATP blockers and GLP-1 agonists requires caution (36) . This confirms the ability of our model to evaluate the effect of GLP-1 agonists on insulin secretion.
Role of cAMP Oscillations in Pancreatic ␤-Cells
We suggest that [ ] level (2, 10, 35) . We were able to simulate these effects (Fig. 4) by taking into account the different mechanisms proposed for downstream cAMP effects on specific ␤-cell channels. We simulated this by increasing activity of L-type Ca 2ϩ channels (Fig. 4A ) or reducing K ATP channel conductance (Fig. 4B) . The simulations were performed only as an illustration, since our model may not include the exact mechanisms by which cAMP modulates ion channels. The effects on Ca 2ϩ dynamics are likely due to multiple actions of [cAMP] i on several pathways, not modeled in this study.
In conclusion, we have described an integrated model of pancreatic ␤-cell Ca 2ϩ and cAMP dynamics. The model includes detailed descriptions of interactions among [Ca 2ϩ ] i , Ca 2ϩ /CaM, and cAMP regulation. It predicts that oscillations of cAMP levels may result from cytoplasmic Ca 2ϩ oscillations, replicating published data. The phase shift between Ca 2ϩ and cAMP oscillations is likely due to responses of specific isoforms of AC and PDE to [Ca 2ϩ ] i , supported by the experimental results. This analysis of the dynamic data provides evidence for a pivotal role of Ca 2ϩ -dependent AC activation in the action of GLP-1 agonists. The regulatory properties of AC and PDE isoforms contribute to the characteristic dynamics of cAMP and explain a synergistic action of glucose and GLP-1 receptor agonists on insulin secretion.
APPENDIX
The dynamics of Ca 2ϩ binding to CaM have been described previously in several models (33, 34, 42) . We used as a basis for Ca 2ϩ /CaM modeling the recent model by Yu et al. (42) , where the rate constants were obtained from studies with cultured mammalian cells. However, in our model, Ca 2CaM, Ca3CaM, and Ca4CaM can be considered to be in equilibrium with CaCaM, because we have taken into account primarily steady-state and slow processes (on the order of minutes) in ␤-cells, and this has been a reasonable simplification (see RESULTS). We ignored the role of CaM changes in the total Ca 2ϩ buffer, because CaM is only 10% of the total Ca 2ϩ buffer (42 
